Abstract: To date, scanning electron microscopy (SEM) is the only method reported for describing the stages of development of the inflorescence primordia (IP) in grapevine compound latent buds. This method has limitations, which are addressed in this paper. We propose an alternative, more practical technique that uses a dissecting light microscope to identify IP stages and record stereophotographs by digital fusion of single images taken at many sequential focusing planes. Using this technique, we examined the developmental stages of IP in the primary latent bud during season 1 in Vitis vinifera L. cv. Chardonnay by dissecting compound latent buds at monthly intervals. Our results confirm that compared to SEM preparation and imaging, this method is an easier, quicker, and minimally damaging approach for staging IP. We provide guidance for dissecting compound latent buds, and we give more detailed descriptions of IP stages 0 to 4 and new descriptions of IP stages 5, 6, and 7, which were not previously available. This work advances basic knowledge of grapevine physiology and should enhance future research involving the compound latent bud.
Scanning electron microscopy (SEM) is the only method used to describe the various stages of development of inflorescence primordia (IP) in compound latent buds in previous research on grapevines (Scholefield and Ward 1975 , Srinivasan and Mullins 1981 , Posluszny and Gerrath 1986 , Swanepoel and Archer 1988 , Morrison 1991 , Carmona et al. 2002 , Watt et al. 2008 , Jones et al. 2009 , Watt 2010 . These authors report that stages 1 to 7 develop in the first season in the compound latent bud; stages 8 to 11 develop in the second season in the compound latent bud up to budburst, and then post-budburst in a mature inflorescence to fully formed flowers. Furthermore, they report that a primordium up to and including stage 4 can develop into a mature inflorescence, a tendril, or rarely, a shoot; this primordium is called an anlage (plural anlagen, German for rudiment). The term anlage prevents confusion as it implies that the primordium structure can develop in a number of different ways (Barnard and Thomas 1933, Srinivasan and Mullins 1981) .
However, SEM has limitations for the study of compound latent buds and for staging IP. These limitations include inadequate descriptions in the literature of IP developmental stages 5, 6, or 7 that would enable identification of each stage within the latent buds. There are also practical constraints to SEM, detailed in the Discussion section, which include prolonged and complex preparation and scanning time and the potential loss of small, delicate biological specimens (which are limited in number) during preparation and imaging.
Comprehensive descriptions of grapevine compound latent bud content and IP development have been published in the English literature since the 1930s and even earlier in the French and German literature. Early researchers used compound light microscopes or longitudinally and vertically sliced latent buds and produced magnified photomicrographs from 10× to 100×. These descriptions used two-dimensional images and views of some parts of the latent bud but lacked descriptions of the specific stages of IP development (Barnard and Thomas 1933 , Snyder 1933a , 1933b , Winkler and Shemsettin 1937 , Madhava Rao and Mukherjee 1970 , Chadha and Cheema 1971 . Apart from the first published descriptions of IP developmental stages using SEM (Srinivasan and Mullins 1981) , the light microscopy data reported in these earlier publications has not been improved on by modern imaging.
Developmental stages 5, 6, and 7 cannot be distinguished from one another using existing images and descriptions, including the first and most comprehensive paper by Srinivasan and Mullins (1981) . Recently, Watt et al. (2008) and Watt (2010) described phenological growth stages and timing of anlagen initiation and subsequent IP stages in Chardonnay cultivars in hot and cool climates in southern Australia. Their description of IP stages was based on Srinivasan and Mullins (1981) , and it was not possible to distinguish stages 5, 6, and 7 from their SEM photographs or text descriptions.
In the present study, a dissecting light microscope was initially used to measure IP size and numbers and was proposed as a more practical tool than SEM for examining IP in detail. Using increased magnification power, the IP stages could be easily viewed and classified. Furthermore, clear stereomicrographs could be obtained by taking sequential photographic images (which are blurred at one focal plane) at different focal planes and assembling them using digital fusion software. As a result, a new protocol for latent bud dissection, with microscopic three-dimensional (3-D) viewing and photographic recording of IP, was developed and is outlined here. Using this microscopic technique, individual descriptions of stages 5, 6, and 7 of IP development in season 1 were developed.
Materials and Methods
Plant material. Whole grapevines were selected from Vitis vinifera L. cv. Chardonnay in a 2.5-ha vineyard in Wollombi, New South Wales, Australia. The vineyard is located in the Hunter Valley wine region, which is classified as a warm climate viticulture area (lat: 32°56′18.54″S; long: 151°8′26.21″E). The grapevines were eight years old and grown on their own roots using vertical shoot positioning, drip irrigation, and winter spur-pruning. Identical management inputs were applied to all grapevines throughout the season.
Sampling. One hundred grapevines (the experimental site) were chosen by stratified random sampling. These 100 vines were selected from 200 grapevines with mean (± 5%) trunk circumference distributed throughout the vineyard. Using the S-plus 8.5 random number generator for Windows (Tibco Software, Palo Alto, CA), 10 Chardonnay grapevines were randomly selected from the experimental site. During season 1, one cane was harvested monthly from each of the 10 grapevines for compound latent bud dissection to examine the progressively maturing IP. Dissection started in October 2011 when stage 0 IP were observed and continued until May 2012 when IP stage 7 first appeared. In Wollombi, season 1 starts in early September with budburst and ends with leaf fall in early June of the next year.
Using a dissecting microscope, the primary bud (N + 2 by the Bugnon and Bessis coding system, which is described in May 2000) was sampled from within the compound latent bud of node 4, which is commonly reported to contain the greatest number of IP (Winkler and Shemsettin 1937 , Gerrath and Posluszny 1988 , Sommer et al. 2000 , Sánchez and Dokoozlian 2005 . Within the buds, IP were identified and then staged (initially by using text descriptions and SEM images from Srinivasan and Mullins 1981) and photographed, as described in the protocol below.
Dissecting light microscopy protocol. Primary latent buds were dissected using a dissecting microscope (Nikon Stereoscopic Zoom Microscope SMZ745; Coherent Scientific, Hilton, South Australia), and grapevine material was stained with crystal violet applied with a 0.6 mL microsyringe as needed to highlight structures. Crystal violet (a triarylmethane dye) can be used as a simple, basic stain (Horobin and Kiernan 2002) to highlight shape and size and to contrast between adjacent structures in biological tissues. The dye binds loosely to cell wall proteins, imparting a purple color, the depth of which depends on the dilution. The dye is usually diluted with 100% ethanol as it is more soluble in alcohol. Dissection was performed through the top of the bud down to the growing point (the shoot apical meristem), with IP and leaf primordia at opposite flanks or ends and scales (stipule primordia) at the other two flanks or sides. This is in contrast to the more common method of slicing thin sections perpendicular to the bud axes with a razor blade (Sánchez and Dokoozlian 2005) , which is used in commercial applications to count IP numbers for estimating yield. The perpendicular slicing technique readily identifies well-formed IP that have many inner and outer arm branches, but it is very difficult to identify less mature IP that have no or minimal branching (stages 1 to 5). Shoot apical meristem (SAM) domes are circular but become very slightly oval after lateral organs (such as early leaf primordia) are initiated (Kwiatkowska 2004) , with the slightly longer dimension between the opposite flanks that have leaf primordia and IP. The SAM then has four sides; two sides have leaf primordia and IP and are referred to here as ends, and the other two sides have scale primordia and are called flanks (see Figure  10 , page 499).
Protective bud scales called prophylls (Pratt 1974) or stipule primordia when present on each side of leaf primordia (Srinivasan and Mullins 1981) and trichomes (plant hairs that develop from the outer epidermis of prophylls and stipule primordia) were removed down to the SAM, usually under 10× to 20× magnification. This magnification was achieved by using a 10× ocular lens that could be increased from 0.67-to 5-fold by a zoom control, and a 1× objective lens. The SAM was identified with leaf primordia and IP at the ends and scale primordia at the flanks. The IP stages, particularly the smaller earlier stages, were identified using a 20× ocular and a 1× objective lens. Most stages were readily identified at 60× magnification. Magnification at 80 to 100× was occasionally necessary to resolve the stages, especially to differentiate between stages 2 and 3 and between stage 2 and a leaf primordium.
The delicate structures of the SAM dry quickly under the high-intensity cold light used to illuminate the microscope, which creates a pitted appearance. To prevent drying, frequent drops of distilled water were applied to the growing point with a 0.6 mL microsyringe as needed. Initial attempts to photograph under a constant water film produced much poorer quality images than the methods detailed above.
Photographs were taken using a Nikon DS-L2 camera head (Coherent Scientific) on the dissecting microscope, attached to a 21-cm LCD display unit (Coherent Scientific) by DVI cable. Screen images were recorded from the top to bottom of the specimen on a USB memory stick attached to the digital display unit and were reproduced on a computer and processed into a 3-D image. Photography was performed using a 10× ocular and a 1× objective lens at 50× magnification. The initial focal point was just above the top of the sample with the subsequent image on the display unit screen captured and automatically transferred to the USB memory stick. The focus was then manually adjusted, via very tiny changes, from the top to the bottom of the sample, capturing an image for each focus adjustment. Each sample required 20 to 30 images in total. The images were transferred to a desktop computer and stored in the software program producing 3-D photographs (Auto-Montage Pro by Syncroscopy, Cambridge, UK), in which a composite 3-D image was produced from the sequential images taken at one focal plane. The composite 3-D image was transferred to Photoshop CS6 (Adobe Systems Inc., San Jose, CA) to crop and label the relevant views of the growing point.
Scanning electron microscopy protocol. After identifying and photographing stages 1 to 7, new samples of each primordium stage were prepared for SEM imaging to verify that all identifiable features of each primordium stage could be readily observed with a dissecting microscope. The SEM images were also for comparative documentation, as prior IP descriptions were only by SEM. Samples were collected and stored until SEM preparation in 10% neutral, buffered formalin (ProSciTech, Kirwan, Queensland, Australia) to rapidly fix surface cells, which are the most important for SEM imaging.
For SEM preparation, the stored samples were fixed in 2.5% glutaraldehyde for 1 hr, dehydrated over 2 hr using a long ethanol series, critical point dried, and mounted (using a dissecting microscope) on aluminum stubs with carbon tabs and conductive carbon paint to ensure the correct orientation for staging. The samples were then gold sputter coated and examined with a Philips XL30 SEM or a JEOL Neoscope JSM-500 Benchtop SEM.
Results
Compound latent bud dissection. Compound buds were enclosed by two or three large, interlocking sclerified bud scales (prophylls) with sparse hairs (trichomes) arising from the outer surfaces. These scales were removed to reveal a larger primary bud (N + 2 by the Bugnon and Bessis coding system) with a smaller secondary bud (N + 3 1 ) just inferior to it, both enclosed in their own scales. Both buds had three large scales; the outer two scales were sclerified, and the inner scale was soft. Copious hairs arose from the outer surfaces of these scales. Inside these large scales, the growing points were enclosed by large leaf primordia at the ends and by two layers of small, soft scales (stipule primordia) at the flanks, with copious hairs, arising from the base of the SAM. The much smaller so-called tertiary bud, which is actually an ontogenetically equivalent secondary bud (Morrison 1991) classified as N + 3 2 (by the Bugnon and Bessis coding system), was just above and slightly to the left or right side of the central top of the primary bud mass. This tertiary bud was at a deeper level than the other buds, just inside the outermost sclerified scale of the primary bud, and was enclosed by its own three scales with trichomes.
Stage descriptions with dissecting microscope and SEM images. IP developmental stages 1 to 7 were identified and are described below. A dissecting microscope photographic image and corresponding SEM image were produced for each stage (Figures 1 to 9 ).
Stage 0. At stage zero, the latent bud growing point consisted of a SAM with scale primordia on its sides and leaf primordia at the ends (Figure 1) . The SAM was quite small immediately after budburst; it elongated and appeared higher and more rounded just prior to anlage initiation.
Stage 1. At stage 1, the SAM was bilobed, and the anlage was almost as large as the SAM (Figure 2) . The SAM was adjacent to the youngest leaf primordium which was at its end, and had scale primordia on the flanks or sides. In small specimens, it was difficult to distinguish between an anlage and an older leaf primordium at its end. In these specimens, the leaf primordium was more pointed and slightly tapered, and it merged into the scale primordium at the flanks of the SAM; the anlage was more rounded, flatter, and did not merge into the scale primordium.
Stage 2. At stage 2, the anlage was separate from the SAM and was rounded, rather than tapered or pointed, as in a leaf primordium (Figure 3 ). There were no scale primordia on the anlage flanks, whereas leaf primordia (which were narrower and more pointed) at the end of the SAM merged into scales at the side of the SAM.
Stage 3. Stage 3 was identified by a collar-like bract surrounding the outer edge of the anlage. The anlage was a large, obovate structure at one end of the SAM, but well separated (Figure 4) . In early stage 3, the bract was initially a small raised area with a tiny depression between it and the SAM, with the raised area growing to form the full bract.
Stage 4. By stage 4, the anlage had formed two arms (Figure 5) . The inner arm nearer the SAM was slightly larger and longer than the outer arm, which still had a distinct bract on its outer edge. Stage 4 IP that would proceed to the next stage (stage 5a) had a broader, flatter inner arm surface, compared to the outer arm; IP that would form a tendril had a longer, more elongated, pointed inner arm surface.
Stage 5a. Stage 5 as reported in the literature (Srinivasan and Mullins 1981) was further classified into subclass stages 5a and 5b. Stage 5a was defined based on an unbranched outer arm that was almost covered by a bract and an inner arm with up to four branches ( Figure 6 ). The two inner arm branches identify the primordium as stage 5a. As a bract often covered the outer arm, it was necessary to remove it by microdissection to allow the primordium to be assigned to stage 5a.
Stage 5b. At stage 5b, the outer arm was not branched and was covered by a large bract that was removed by microdissection to view the primordium. In contrast, the inner arm was much larger with many branches (Figure 7) . The presence of more than four branches in the inner arm classified the primordium as stage 5b.
Stage 6. Stage 6 was identified by the commencement of outer arm branching (up to four); the inner arm was considerably larger with many branches (Figure 8) .
Stage 7. In stage 7, both arms contained extensive branching with a distinct gap between the arms. The outer arm had more than four branches and continued to be covered by a large bract that often needed to be removed for identification (Figure 9 ). The inner arm was substantially larger with many branches. 
Discussion
Advantages of the dissecting light microscope. One of the first reports that used SEM to image and describe IP stages (Scholefield and Ward 1975) commented that "the method allows greater appreciation of the spatial arrangement of the component parts." That study compared 3-D SEM micrographs to two-dimensional longitudinal sections viewed under compound light microscopes and described by earlier researchers including Barnard and Thomas (1933) , Snyder (1933a Snyder ( , 1933b , and Winkler and Shemsettin (1937) . However, good quality, modern dissecting light microscopes-especially with crystal violet staining to enhance tissue contrast-enable the growing point in the latent bud to be easily visualized in three dimensions (as with an SEM image), with all the details necessary for stage identification. Also, using digital camera heads on the microscope, the stages can be readily photographed and, with modern computer software, identifiable stereo images produced. However, SEM preparation and imaging technology produces sharper images. Stereo light microscopic images are not as sharp because of Figure 5 Stage 4 viewed from above by (A) dissecting microscope and (B) SEM. The anlage has separated into two arms. The outer arm is surrounded by a bract on its outer edge and is smaller than the inner arm. The inner arm is broad with a flat superior surface that indicates it will likely differentiate to Stage 5a. the merging of numerous focusing planes and unavoidable glare from sample tissue fluid and surface stain water. However, light microscopic images show enough detail for all IP stages to be identified. IP staging by examination under dissecting microscope is more practical because it is quicker and easier than the long, relatively complex sample preparation and scanning needed for production of SEM images. Our dissecting microscope methodology allows immediate and full examination and photographic recording of the latent bud contents, including IP staging and measurement; this Stage 5b viewed from the outer arm by (A) dissecting microscope and (B) SEM. The outer arm has not branched and is almost fully covered by a large bract, which is removed by microdissection for staging. The inner arm is much larger and has more than four branches.
is accomplished within 20 to 30 minutes, compared to several days for the production of final SEM images. Also, the samples are small-from ~0.002 mm 3 (stage 0 IP; Figure 1 ) to 0.06 mm 3 (stage 7 IP; Figure 9 )-and staging by dissecting microscope presents minimal risk to the small, delicate (and thus limited in number) biological specimens removed at each sample date. This is in contrast to the potential for loss or damage in SEM preparation and imaging, which has many steps: after bud dissection and removal of IP samples by dissecting microscope, there are numerous sample transfers Figure 10 SEM images of the growing point of the primary latent bud viewed from above. The IP stages were assigned by manipulation under dissecting microscope before SEM. (A) Only the inner arms of differentiated stages 5b and 6 can be viewed; stage identification by SEM is not possible. An undifferentiated primordium (anlage) at stage 3 is also present. (B) Only the inner arm of differentiated stage 5b can be viewed; stage identification is not possible. An undifferentiated primordium (anlage) at stage 2 is at the edge of the shoot apical meristem (SAM). The SAM ends and flanks are marked in both images.
Figure 9
Stage 7 viewed from the outer arm by (A) dissecting microscope and (B) SEM. The outer arm has more than two branches; the inner arm is larger with many branches. A large bract covered the outer arm and was removed; its cut edge can be seen. There is a distinct gap between the inner and outer arms.
between chemical solutions, including glutaraldehyde (one transfer), phosphate buffers (three transfers), distilled water (two transfers), and increasing ethanol concentrations (13 transfers). The samples are then transferred again for critical point drying with ethanol and carbon dioxide. This produces very dry, light (easily lost) samples that are mounted on aluminum stubs with carbon paint (using a dissecting microscope), gold coated under high vacuum, and finally SEM imaged under high vacuum. Staging IP by dissecting microscope involves one step: bud dissection and inspection.
The major advantage of IP stage identification by a dissecting microscope is ease of access to the growing point to manipulate it so its contents can be easily viewed and the IP readily staged. The outer arm is always covered by a substantial bract from stage 5a onward, and in stages 6 and 7, the bract sometimes completely covers the arm, making it difficult to view. Inspecting the inner arm in such cases is not informative because its size and extent of branching do not allow assignment to a stage, as it was found after many dissections that further detailed inspection and analysis of the inner arm did not help in distinguishing between stages 6 and 7. For example, a particularly large stage 5b inner arm on one specimen can have extensive branching and look very similar to a stage 7 inner arm on a smaller specimen. The bract covering the outer arm usually needs to be removed to stage the primordium, which is easily done with microdissection instruments using a dissecting microscope. In the standard SEM image, the view of the growing point (as in Srinivasan and Mullins 1981 and Watt 2010) is from above the specimen, making it impossible to see the outer arm at one end (as shown in Figure 10 ). Of course, the bract could be removed during the dissection stage of SEM preparation, and the sample prepared oriented to view the outer arm (with carbon tabs on aluminum stubs and carbon paint applied to hold the required view) and then viewed by SEM. However, this effort, expense, and specimen risk is not needed when the same view and imaging can be accomplished easily and quickly by a dissecting microscope and 3-D imaging software as reported in this paper.
A new description of season 1 developmental stages of inflorescence primordia. The IP stages 0 to 4 described here broadly follow the SEM descriptions of Srinivasan and Mullins (1981) and Watt (2010) , but with more identifying detail. However, in subsequent stages, classification depends primarily on the amount of branching of the IP outer and inner arms. The inner arm begins branching at IP stage 5a ( Figure 6 ) and the outer arm at IP stage 6 (Figure 8 ). Srinivasan and Mullins (1981) described stage 5 as follows: "the inner arm divides and produces several globular branch primordia which give rise to the main body of the inflorescence. Branching of the outer arm is less extensive." From the present study, we propose that stage 5 be divided into two substages (5a and 5b) based on the extent of inner arm branching, while in both substages the outer arm remains as a single, unbranched growing point. In stage 5a ( Figure  6 ), the inner arm has one to four or five branches and the outer arm has no branching. In stage 5b (Figure 7) , the inner arm has more than four or five branches with no outer arm branching. When a primordium (prior to this stage called an anlage) reaches stage 5a, it is committed to developing into a mature inflorescence by budburst of the next season. We propose that primordia from stage 5a on are called differentiated or committed primordia and that those from stage 1 to stage 4 (anlagen) are called undifferentiated or uncommitted primordia. The latter may develop to either stage 5a or to a tendril (Srinivasan and Mullins 1981) . Srinivasan and Mullins (1981) did not distinguish between IP stages 6 and 7 but gave the following description: "the branch primordia of the inner and outer arms give rise to branch primordia of the second and third order, each of which is subtended by a bract." However, we demonstrate that stage 6 (Figure 8 ) is uniquely identified by the commencement of outer arm branching (with up to four or five branches), while the inner arm continues to have many branches and is not helpful in distinguishing between the two stages. In stage 7 ( Figure  9 ), both the outer and inner arms have more than four or five branches, and there is a distinct gap between the two arms.
A summary of the identifying features of IP stages 0 to 7 is presented in Table 1 .
Future research. The relatively quick, simple, and practical examination methodology and the new, reproducible descriptions of IP stages presented in this paper enhance and benefit future research involving the grapevine compound latent bud. Future reports will focus on the progressive development and fate of IP throughout a full first season and will explore the physiological basis of defoliation effects on grapevine reproductive parameters by examination of IP development.
Conclusion
A dissecting microscope is suitable for examining the contents of the compound latent bud, staging and measuring IP, Branched -up to 4-5. Single arm unbranched with bract on outer edge. 5b
Many branches -more than 4-5. Single arm unbranched with bract on outer edge. 6
Many branches -more than 4-5. Up to 4-5 branches. 7
Many branches -more than 4-5. Many branches -more than 4-5. Distinct gap between arms.
a SAM = shoot apical meristem.
photographing specimens, and obtaining a 3-D view. This method offers practical advantages over SEM. A detailed guide to the dissection of compound latent buds is provided here for the first time. More detailed descriptions of IP stages 1 to 4 have been presented to improve identification. Improved descriptions of stages 5 (recategorized into stages 5a and 5b), 6, and 7 now allow accurate and individual identification of each of these stages, which was previously not possible based on SEM images. Verification that all identifiable features of each primordium stage were readily observable with a dissecting microscope was established by comparison with SEM images obtained in this study and with prior published SEM images. After stage 4, staging depended on the extent of primordium inner and outer arm branching; therefore, both arms must be fully viewed to properly stage IP. This is best accomplished by dissection under the microscope with 3-D photography if permanent records are desired. Stage 5a has no outer arm branching with up to four inner arm branches. Stage 5b has no outer arm branching and more than four inner arm branches. Stage 6 has up to four outer arm branches and more than four inner arm branches. Stage 7 has more than four outer and inner arm branches, with a distinct gap between the arms, visible on the specimen. We propose that IP stages 1 to 4 (anlagen) are called undifferentiated primordia because they may progress to mature, fully formed inflorescences or to tendrils. From stage 5a onward, IP are called differentiated primordia as they always progress to mature inflorescences.
